INTRODUCTION
Abies cephalonica Loudon (Greek fir) is widely distributed in the mountains of central and southern Greece, at altitudes between 700 and 1900 m. Greek fir is a commercially valuable timber and fuel wood species that is also grown for Christmas trees and planted as an ornamental.
During most of the 20 th century, large fires in Greek fir forests were not a common observation. The complex topography and the high spatial heterogeneity of mountainous Greece, probably, resulted in variable fuels and burning conditions that favored a nonuniform fire behavior. Nevertheless, after many years of fire exclusion and land abandonment, Greek fir dominated and created pure stands, increasing the likelihood of large fires. Consequently, in recent years, the mountain forest ecosystems dominated by Greek fir are affected by an increasing number of wildfires of unusual size and severity [1] .
This change in Greek fir fire trends could have been related to summer drought episodes that have increased in the relatively more humid and colder regions of Greece [2] . In the mountainous Mediterranean forests, alterations in composition and flammability trends are foreseen due to changes in drought stress and fire frequency [3] . For many mountain forests, fire is likely to become almost as important for shaping the landscape as the direct effects of climate change [4] . Paleoecological data show that the thermophilous Mediterranean fir stands became extinct during the last 5000 years when anthropogenic fire and browsing disturbance increased [5] . In many occasions, the fire-intolerant fir forests were replaced by fire-tolerant forest species like oaks and the current distribution of Abies species in Europe has been reduced in areas less affected by fire [6] .
The fire traits of Greek fir include a thin and flammable bark that provides little insulation for the cambium, shallow roots which are susceptible to soil heating, low crown base branches and flammable foliage [2] . Moreover, Greek fir has a tendency to grow in dense stands, many of which are of old age and increased mortality episodes have resulted in large amounts of dead fuels.
Greek fir is vulnerable to fire as it does not produce serotinous cones and does not maintain a seed bank when summer wildfires occur [7] . Greek fir reaches reproductive maturity at around 50 years and cone production peaks at the age of 100-140 years. Seed availability varies considerably between years due to masting and seed dispersal usually begins in October. Since the window of opportunity for seedling establishment is short and germination rates are low, the first years after a fire are crucial for successful tree recruitment [8] .
The response of fir ecosystems to fire may vary with fire frequency, size and severity, associated vegetation in the preand post-fire community, site conditions, distance to remnant stands, browsing and post-fire management. The rate of seedling establishment is quite variable and depends on the proximity of the seed source and seed production during the post-fire years [9] . Site conditions can be important during the early postfire years but tend to decrease with increasing time elapsed since fire, as canopy composition is getting more similar to pre-fire structure [9] .
In many areas affected by stand-replacing fire, the natural return of fir forests is uncertain and opinions for postfire management differ. Arianoutsou et al. [10] concluded that the postfire recovery of Greek fir would be a slow process where unburned patches would play an important role. For the same site, Ganatsas et al. [11] suggested that without human intervention, shrubs and herbaceous species would dominate and planting could be the only solution for the reintroduction of Greek fir.
The capacity of Greek fir to regenerate after large stand-replacing fires is not well studied and this study was designed to aid our understanding of Greek fir recovery after fire with the aim to assist decision making in postfire management. The specific objectives were to evaluate the extent to which site factors affect fir regeneration after fire and identify the most important ones.
MATERIALS AND METHODS

Site Description
Our study area was located in the mountain fir forests of Central Greece (39 Before fire, Greek fir was the dominant tree species while Juniperus oxycedrus L., Quercus frainetto Ten., Quercus pubescens Willd., Ilex aquifolium L. and Crataegus monogyna Jacq., were the main understorey woody species. The Greek fir tree (dbh>10 cm) density of unburned stands was estimated from 13 randomly selected rectangular plots (40x10 m) and resulted in a mean density of 1125 mature fir trees•ha -1 (range 720-1634 trees•ha -1 ). On the 21 th of September 2000, a wildfire started and burned 3100 ha of fir forest. Immediately after fire, the burned trees were logged and the site was left to regenerate naturally without any planting. In the burned area most understory woody species regenerated by resprouting, with the exception of juniper, but their density was very low. After fire, the main herbaceous plants found in the burned area were Pteridium aquilinum (L.) Kuhn, Fragaria vesca L., Brachypodium sylvaticum (Huds.) Beauv., Digitalis ferruginea L., Hypericum perforatum L., and various species of Achillea, Aegilops, Agrostis, Bromus, Poa, Cirsium, Phlomus, Thymus, Trifolium and Vicia.
Sampling Design
In the summer of 2012, fir regeneration was recorded along 10 transects, following a systematic sampling where transects were separated by a distance of 100 m. Each transect started from an unburned forest edge and extended into the burn at a right angle until the distance from a point in the fire perimeter was equal to the distance from the starting point of trasect (220-550 m). The center of the initial sampling plots was located 10 m away from the stems of the first remnant fir trees, in order to exclude any crown effect. Along transects, circular sampling plots of 5 m radius (area = 78.5 m 2 ) were located every 30 m, with a total of 143.
At each sampling plot, fir regeneration was assessed by counting the number of wellestablished individual plants (height > 20 cm). Furthermore, the dominant groundcover type was visually characterized at 10 points (every 1 m) along the main 10 m diameter of each sampling plot and the results were transformed to percentages [12] . The four groundcover types were: 1) bare mineral soil or stones, 2) dead plant biomass (litter or downed herbs and trees), 3) other competing vegetation (herbaceous or woody plants), 4) fir plants. Furthermore, in each sampling plot, we recorded the distance from a seed source (m), slope steepness (%), prevailing aspect (North, East, South, West) and elevation (meters above sea level) with the aid of a measure tape, GPS, clinometer, compass and a laser distance meter (LaserAce, MDL, UK).
Data Analysis
The relationship between postfire fir recruitment and site factors (distance from seed source, altitude, slope steepness, aspect and groundcover) was investigated using linear regression analysis. Fir seedling density data were positively skewed and were log (x+1) transformed to meet the distributional assumptions. Model selection was performed using the Best Subsets tool of MINITAB 15 statistical software (Minitab Inc., State College, PA). Best Subsets compares all possible models using a specified set of predictors, and displays the best-fitting models that contain one predictor, two predictors, and so on. Analysis of variance followed by the Tukey's multiple comparison test were used to identify significant differences in seedling densities at various distances from the seed source. Analyses were conducted at a significance level p<0.05.
RESULTS
Regression analysis showed that only the distance to seed source was a significant and important predictor of fir regeneration density. This model explained 54% of the variation in the response variable. Adding more predictors to the model did not improve it. The model was: log (Seedling density+1) = 3.6719 -0.004806 Distance (m) from seed source.
Further regression analyses using the residuals of the main analysis and the other site factors as predictors resulted in models that explained very low percentages of the variation in seedling density and are not presented here.
Fir regeneration followed a negative exponential decline with distance from seed source (Figure 1) . Overall, the mean density of fir was 1436 seedlings•ha -1 (range 0-13843 seedlings•ha -1 ) and fir seedlings were found in 92% of the sampling plots. The analysis of variance revealed significant differences in seedling concentrations at various distances from the seed source. Ten meters away from the seed source, the mean density clear effect on fir regeneration density while most sampling plots were located on southern aspects and very few on western aspects ( Figure  4 ). Groundcover type was not an important predictor of fir regeneration. High fir regeneration densities were recorded mainly in the sampling plots with 10% of exposed soil or rocks ( Figure 5 ). Most of the high seedling densities were observed in sampling plots that were covered by litter or woody debris at 20%. High fir seedling densities were observed in the few sampling plots with low competition from other vegetation.
DISCUSSION
In this study, the distance from a seed source was the most important variable in explaining fir regeneration when compared to other site variables, a common observation in similar studies [13, 14] . Greek fir regeneration density decreased abruptly with distance from remnant stands and followed the negative exponential curve with decreasing regeneration abundance from the border of the unburned zone, a typical pattern of postfire fir regeneration proximity to seed sources. Post-fire conifer regeneration usually increases across the elevation gradient, possibly due to increasing moisture availability as a result of an increase in precipitation and decrease in temperature at higher elevations [8, 17, 25] . Moreover, slope steepness was not considered an important abiotic factor of fir regeneration as has also been reported elsewhere [18, 19] . Aspect had no clear effect on fir regeneration density and it was not an important predictor as has also been reported by Donato et al. [18] . However, other studies show that a northern aspect favors fir regeneration [22, 26] . Moisture stress can be a critical factor limiting conifer regeneration in dry coniferous forests and is usually higher in sites of high solar radiation [14, 17, 21, 25) . Our observations can be partially explained due to the fact that Greek fir is considered one of the best drought-adapted European firs [27] . Moreover, our site was not a dry area but a relatively moist one with high rainfall and deep soils that can support good fir regeneration even in areas with high solar radiation.
Fir regeneration was high in locations with a low percentage of exposed soil or rocks. Seed germination and seedling survival after disturbance are generally favored by a thin organic layer and exposed mineral soil [28] . However, such seedbeds are usually found in the interior of a fire, away from the seed source which is the most important variable affecting fir regeneration [29] . As a result, tree recruitment can be even negatively related to the availability of exposed mineral soil in the first years after fire [25] .
The effect of dead plant biomass on fir regeneration was not clear although most high seedling densities were observed in sampling plots covered with litter or woody debris at 20-30%. Following fire, fir establishment can be higher near woody debris than other microsite features [21] . The positive impact of coarse woody debris on plant regeneration can be attributed to its protective role from high temperatures and excessive water loss [14] .
Greek fir establishment was low where [12, 15] . Mature trees that survive fire and remnant stands are the only seed sources for colonization of burned sites [16] and the high concentration of seedlings near the remnant stands is a common observation for nonserotinous conifers [14] . Twelve years after fire, the mean density of fir seedlings was 1436 stems•ha -1 which is close to and even higher than the fir density of the surrounding unburned stands (1125 stems•ha -1 ). Similar studies report a mean seedling density from 362 stems•ha -1 [17] to 1603 stems•ha -1 [18] . However, two studies on Greek fir regeneration reported that, 2 and 3 years after fire, no fir seedlings were observed although a considerable amount of healthy seeds was counted on the ground at distances up to 70 m from remnant trees [11, 16] . It seems that time since fire is positively correlated with seedling abundance for late successional conifer species such as firs that will dominate in the absence of fire [19] . Fir seedlings, usually, establish within 5 years of the fire [20] and while fir recruitment can be low during the first 50 years, it increases to higher levels thereafter by advancing waves of regeneration when the pioneering firs mature [21, 22] .
Although seedling density is higher at forest edges, the natural fir regeneration can be abundant at distances greater than 200 m or 400 m from a seed source before declining farther away [18, 23, 24] . In our site, the mean fir densities remained above 500 seedlings•ha -1 up to 220 m from the remnant stands and even at distances greater than 400 m, some fir seedlings were recorded. The observed seedling densities could lead to the creation of a mature fir forest within 50 years after fire that will cover most of the burned area. By the end of this century, the whole burned area is expected to be naturally reforested and occupied by a mature fir forest.
The relationship between fir regeneration and altitude was difficult to interpret, as many environmental variables covaried with altitude, the altitude range was small (almost 200 m) and the high seedling densities observed in the higher altitudes were mainly due to their REFERENCES the herbaceous and woody plant cover was dense. The competing vegetation were mainly herbaceous plants and after fire the window of opportunity for conifer recruitment was probably very short as the rapid spread of herbaceous species increased competition and reduced the availability of favorable seedbeds [25] .
CONCLUSIONS
In conclusion, after a large stand-replacing fire, Greek fir regeneration depended mainly on the distance from seed source. Abiotic factors such as elevation, aspect, slope steepness and ground cover type could not significantly explain any variability in fir regeneration density.
Moreover, the density of fir regeneration seemed adequate to provide stocking for a future fir forest. However, our conclusions are valid only for our site, one of the best sites for fir growth in Greece. In less favorable areas, fir regeneration could be delayed or possibly replaced by shrubs or hardwoods.
